THE outstanding acid-base change associated with extracorporeal circulation in cardiac surgery has been demonstrated to be metabolic acidosis, which has been variously reported to occur during perfusion or in the postoperative period.1 4 Since thoracic operations other than cardiac are known to produce marked changes in acid-base balance,5-7 intensive serial study of patients during openheart surgery might help to unravel some of the events influencing a patient 's acid-base status during these very complicated operative procedures. The present report presents the data derived from 14 patients studied iil an attempt to relate acid-base changes to operative events.
The technic of plotting serial acid-base changes on the nomogramn of Hastings and Steinhaus8 had long been used in our laboratory for following the course of patients with other acid-base disturbances, such as those produced by diarrhea or salicylate intoxication. This nomogram, shown in figure 1, is useful because a single point describes the relation of the three variables of the Henderson-Hasselbach equation; thus simultaneous values of pH, pCO2, and (HCO3)can be plotted serially over an extended period. The changes that occur in these values can be identified as respiratory or metabolic in origin by the direction of the graphic pathway on the nomogram. Changes in relative concentrations of fixed cations and anionis are displayed along, or in a direction parallel to, the metabolic axis; those representing primarily (table 1) . Perfusion equipment consisted of a sigma motor pump and rotating disk oxygenator perfused with 100 per cent 02 at a flow of 12 to 15 liters per minute.
Oxygenation of perfusing blood was carried out in a large 98-disk chamber for all patients except nos. 2 and 11, in whom a 56-disk chamber was used. Blood passing through the oxygenator was warmed by means of an external wire-coil heater while the disks were rotated at 120 RPM. During perfusion the patient's body temperature usually fell to 34-35 C., due to loss of beat from the perfusing blood during passage through the tubing between oxygenator and patient. An attempt was made to obtain flow rates approximating 2.2 L./M.2/minute; the problems of balancing perfusion sometimes caused some variation.
An indwelling arterial needle was placed in the radial artery of each patient prior to the induction of anesthesia when possible. Arterial blood wsa removed at intervals varving from as often as every 5 minutes during surgery to intervals of 1 to 2 hours in the postoperative period. The pH was measured immediately at 37 C. with a Coleman pH meter in the operative suite. Plasma was separated under mineral oil and refrigerated immiediately, and CO. content was measured later by the [Hco3-]s (mEq. /L.) showed a similar pattern. The data were then grouped into 11 intervals, onset and termination of perfusion being used as points of chronologic identity in order to relate the curves. A composite curve was then developed by averaging values derived from samples drawn at comparable times as listed below. The circled numbers refer to the same time periods discussed in the subsequent text, and were also used for serial plotting of plasma Na+, Cl-, CO2 content, and the calculated R fraction.
Period 1 included samples drawn before aiiesthesia. Periods 2, 3, and 4 included samples from 212 to 11/½ hours, 11/2 to 3/4 hours, 3/4 to 0 hours before perfusion, respectively. Period 2 usually included the samples obtained before the chest was opened and periods 3 and 4 included samples withdrawn after the chest had been opened.
CiTrculation, Volume XXVI, Periods 5 and 6 included samples from 0 to 1/2 andi 1/2 to 1 hour of perfusion.
Periods 7, 8, 9, 10, and 11 included samples from 0 to 1/2, 1/2 to 1, 1 to 2, 2 to 4, and 4 to 6 hours after perfusion. Period 9 included samples usually obtained during extubation when the patient was breathing without assistance. Periods 10 and 11 included samples obtained in the recovery unit. Data on the 14 patients, including pH, CO2 content, Na+, Cl-, and "R" fraction are shown in figures 2 to 5 as scatter graphs. Since mean plasma Na+ and Clvary little from period to period, only pH, CO2 content, and "R" will be further considered. Mean values for these measurements determined for each period are shown in table 2. "R" value determined from 35 patients without acidbase disturbance previously studied in our laboratory averaged 13 chronologic order on the nomogram, the curve seen in figure 6 resulted. Similarity of this curve to an electrocardiographic vector loop suggested adaptation of this term for descriptive purposes. The following observations may be made, identifying numbers again referring to the previously described time intervals:
1. Before anesthesia values are within normal limits.
2. During induction of anesthesia, mild respiratory acidosis develops. 3 and 4. After the chest has been opened, Circulation, Volume XXVI, November 1962 mild respiratory alkalosis develops. "R'" rises slightly (table 2) . 5. In the initial period of perfusion the oxygenator causes marked respiratory alkalosis. Through this point the main changes in acid-base balance have occurred along the respiratory axis of the nomogram, although it should be noted that a significant increase in "R" occurs during this period ( Table 2 Mean Values of pH, pCO2. CO 4 7.43 5 7.50 6 7.45 7.37 8 7.30 9 7.28 10 7.32 11 7.33 genator. This change in the curve hereafter will be referred to as the "'netabolic shift, an(d occurs simultaneously with progression of "R."' value to a peak level (table 2) . 7. Immediately after perfusion pCO2 rises to the pre-perfusion level while pH falls steadily. This period may be considered a transient mixed state between respiratory alkalosis with superimposed metabolic acidosis and a state of essentially pure metabolic acidosis, which remains after the hyperventilation effect of the oxygenator has disappeared. "R" falls slightly (table 2). 8 and 9. During the remainder of the operation pH continues to fall to a moderately acidotic level, influenced m-ostlv by persistence of the metabolic shift but compounded by increasing pCO2 as the patienit resumes his own respiration. This trend culminates at period 9, when hypoventilatioin occurs associated with the events at extubation. 'R continues to fall (table 2) . 10 and 11. During these periods shortly after surgery (when the patient is in the recovery room) the vector begins to move toward normal values in a direction parallel to the metabolic axis. The secondary rise in "R" noted at this time results chiefly from the poor postoperative status of several patients.
Vectors (fig. 9 ) has a fairly typical vector, showing respiratory acidosis initially, mild respiratory alkalosis during thoracotomy, marked respiratory alkalosis initially during perfusion followed by a metabolic shift, then passage through metabolic acidosis, and finally mixed metabolic and respiratory acidosis before returning toward normal. He was perfused for 10 minutes at a flow rate of 2.0 L./min., then for 34 minutes at a rate of 2.9 L./min. The metabolic shift occurred in this patient also during the period of the higher perfusion rate. All three of these patients survived the acidosis of the postoperative period without administration of alkali.
Circulation, Volume XXVI, Discussion Although an enormous amount of data concerning the effects of pump oxygenators on acid-base balance has appeared in the recent literature, the results have not always been in agreement, in part because of a diversity of equipment and methods. Thus, type of oxygenator, rate of blood flow, rate of gaseous perfusion, type of perfusing gas, status of acid-base balance of pump-priming blood, length of perfusion, and many other factors affect the nature of the observed data.'0-12 Metabolic acidosis has frequently been reported during perfusion or in the postoperative period and thought due to pre-existing ingo of such data can be obtained bv plottiln the patients' consecutive states of acid-base balanee on a noinogram such as the onci used in this report. Such a depiction denmonstrates that nmetabolic acidosis concealed by sustained hyperventilation (respiratory alkalosis) is uncovered only in the post-perfusion state after respiratory alkalosis has subsided but should be considered a phenomenon of the perfusion rather than the post-perfusion phase. The developed curve also appears to indicate that ordinarilin the immediate postoperative period, when attenition is usually first focused on the patient 's acid-base status, the disturbance has already begun to subside spontaneously as demonstrated by deelining 'Ri R values. Our data indicate that unidentified anions begini to accuniulate in the "R'" fractioin before perfusion but reaeh a umiaxninl-l level during perfusiotn. We have not measured lactic and pyruvic acid in these patients though their accumulation during extracorporeal circulation3 and during periods of hypotension or poor tissue perfusion have been emphasized by other workers.3 13 There is good evidence that lactic acid accumulates during respiratory alkalosis as a buffering mechanism.14 Recent authors'5 have emphasized the occurreilee of "excess" lactic acid during anaerobic metabolism as a result of perfusion at inadequate flow rates as an explanation of metabolic acidosis.
Our results indicate that the concentration of unidentified anions associated with an increase in "R" begins to fall just after perfusion. The level in the second half hour after perfusion, 16.6 mEq./L., is not significantly different from the level of 16.2 mEq./L. observed immediately before perfusion. These two positions on the vectors 7 and 4. however.
Circulation, Volbme XXVI, Nvoember 1962 represent mild metabolic acidosis and mild respiratory alkalosis, respectively. These significantly different pH and CO2 content values are not accounted for by observed differences in unidentified anion levels. A more precise evaluation of the influence of the "R" factor would have been provided by measurement of lactate and pyruvate values not carried out in this study.
The reasons for the metabolic shift during perfusion are not completely clear. Prolonged perfusion appears to be a factor, though the shift did not occur in one patient (no. 10) perfused for 57 minutes. Inadequate flow with systemic hypotension appeared to be a factor in one patient (no. 12), who developed a marked metabolic shift associated chronologically with this complication. Accumulation of organic acids in the priming blood blefore beginning perfusion might the time of the highest flow rate. Subsequently, after the third perfusion, metabolic acidosis developed.
Comparison of low with high flow rates in animals by several authors has shown that acidosis usually occurs with "normal" or high flow rates, as well as low flow rates, though it is not so severe.4 17 Additional factors may be presumed to be involved or possibly "high flows" may still be inadequate.
Finally, it is apparent that respiratory acidosis is a frequent occurrence early in surgery, due to inadequate ventilation during induction of anesthesia. A period of mixed respiratory and metabolic acidosis occurs in a similar manner during closure of the chest when the anesthesiologist decreases the level of anesthesia and allows the patient to assume spontaneous respiration. These changes during surgery, while predictable on the basis of Circulation, Volume XXVI, previous reports,7 are again demonstrated and emphasized by the serial sampling technic followed in this study. Summary Fourteen patients submitted to open-heart surgery were studied by serial acid-base and electrolyte determinations in order to demonstrate the sequence and magnitude of disturbances associated with the procedure. Under conditions of the study, including the use of 100 per cent oxygen as the perfusing gas for the oxygenator, respiratory alkalosis develops as the initial change during perfusion but is followed by a "metabolic shift" characterized by falling pH and CO2 content, while a stable, moderately low pCO2 is maintained by the oxygenator. The resulting state of mixed respiratory alkalosis and metabolic acidosis changes into a state of relatively pure metabolic acidosis as pCO2 and bicarbonate content rise while pH falls after perfusion. The factors involved in the "metabolic shift" responsible for development of metabolic acidosis are not identified by this study although length of perfusion, perfusion pressure, and rate of flow are considered as possible factors. Acidosis persists through the early phases of the recovery period but ordinarily resolves without administration of alkali. Serial sampling technies as used in this study may aid in the interpretation of postoperative acidosis, distinguishing between patients who are deteriorating and those who are passing through a transient phase in the process of recovery.
